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Photoionization cross section σnκ, asymmetry parameter βnκ, and polarization parameters ξnκ,
ηnκ, ζnκ of Xe and Rn are calculated in the fully relativistic formalism. To deal with the relativistic
and correlation effects, we adopt the relativistic random-phase theory with channel couplings among
different subshells. Energy ranges for giant d -resonance regions are especially considered.
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I. INTRODUCTION
Photoionization is of crucial importance in understand-
ing atomic structures as well as in astrophysical model-
ing. Electron correlations and relativistic effects may be
analyzed through the study of photoionization processes
[1]. It is of particular interest to study high-Z atoms
for relativistic effects [1–7]. Direct results arising from
relativistic effects are its influences on subshell cross sec-
tions, branching ratios, photoelectron angular distribu-
tions, and spin polarizations. Previous studies using the
relativistic random-phase theory (RRPT) [1–9], which
has been called the relativistic random-phase approxima-
tion (RRPA), also shows that electron-electron correla-
tions play a crucial role in understanding photoionization
processes of atomic systems.
Previous studies mainly focus on the cross sections
and angular distributions, and less attention was paid
to the spin polarizations. The cross sections and angular
distributions of Xe and Rn have been carefully studied
for both dipole and quadrapole cases. Theoretical works
have been done in the Hatree-Fock-Slater theory, nonrel-
ativistic and relativistic random-phase theory, and time-
dependent density functional theory [8–18]. These are
also investigated experimentally in the previous studies
[19–24]. However, a complete analysis of photoioniza-
tion requires spin polarizations of photoelectrons. The
observations of spin polarizations of photoelectrons shall
provide us sensitive investigations of relativistic effects as
well as interchannel couplings [25].
Spin polarizations of photoelectrons from noble gases
and other elements have been studied by some authors
and compared with experiments [7, 8, 26–34]. Previous
studies reveal that the spin polarization generally is an ef-
fect of spin-orbit couplings. In this work, we have carried
out an analysis on spin polarizations of photoelectrons
for heavy noble gas elements Xe and Rn in the RRPT
∗Electronic address: knhuang1206@gmail.com
formalism and compared our results with experiment for
the Xe atom.
The giant d -resonance region is important in photoion-
ization processes of the elements with d -shell electrons,
where channel couplings and electron correlations play a
crucial role in this region. The random phase theory is an
effective approach to deal with these channel couplings
and electron correlations. It has been demonstrated that
the RRPT formalism, when considering core relaxation
effects, can give consistent predictions with experiments
[11, 12]. While other approaches, e.g., Dirac-Hatree-Fock
method, fail to explain experimental results in the giant
d -resonance region. Therefore in this work, we mainly
focus our study on the giant d -resonance region.
Recently, there are great interests in producing spin-
polarized electrons, which are essential for ingredients
of spin current in the spintronics field that is efficient
in controlling device, with low power consumption and
thus promising to act as an effective alternative to con-
ventional electronics [35–38]. The spin polarizations of
the photoelectrons may be affected by phase-shift effects
during the optical transition and during the transport
through the solid [39]. It is thus important to cross-
compare results of spin-resolved photoelectrons from the
gas phase of free atoms with spin- and angle-resolved pho-
toemission of condensed matter system. Therefore, due
to the promising field of spintronics that may become an
alternative to electronics by using spin current for sev-
eral advantages, the understanding of spin polarization
is important and has potential in applications nowadays.
This work can fill in this gap and give us guidance to the
production of spin polarization through circularly polar-
ized, linearly polarized, or even unpolarized light. These
can all be parameterized by three dynamical parameters
ξnκ, ηnκ and ζnκ, which will be defined in Sec. II B.
Moreover, liquid detectors based on noble gas elements
have been widely applied to detect energetic particles in
nuclear and elementary-particle physics. Among them,
liquid Xe detectors are predominantly used in recent re-
newed dark-matter detection and neutrinoless double-
beta decay experiments [40–47]. These liquid detectors,
2which collect signals through ionization processes, are
closely related to the photoionization of Xe. Therefore,
to better understand the detector response, the interplay
between atomic, nuclear, and elementary-particle physics
are indispensable. We wish our study on photoionization
of Xe and Rn can shed new lights in this area.
II. THEORETICAL TREATMENT
A. Cross Section
The basic transition matrix of photoionization process
has the form [25]
Tfi =
√
4pi2kαEα
ωc
〈ψf |
N∑
i=1
αi · εˆeik·ri |ψi〉 (1)
where ψi and ψf are the initial and final state respec-
tively, and N is the number of total electrons. We use
the boldfaced symbol αi to label the Dirac matrices for
i-th electron
αi =
(
0 σi
σi 0
)
(2)
with σi being the Pauli matrices for i-th electron. The
incident photon has the momentum k and polarization
εˆ; the outgoing photoelectron has the momentum kα
and energy Eα, where the subscript α, different from the
boldfaced symbol αi, is the channel index introduced for
later convenient. The final state ψf of the photoelectron
and residual ion is normalized such that the differential
cross section is given by
dσfi
dΩ
= |Tfi|2 (3)
The perturbing field can be expanded in a sum of electric
and magnetic multipole terms vλJm
N∑
i=1
αi · εˆeik·ri =
∑
λJm
vλJm (4)
where the number J corresponds to the 2J-pole transi-
tions, and λ represent the type of transition (λ = E,M
stands for the electric transition and magnetic transition
respectively). Using the Wigner-Eckart theorem, we can
decompose the irreducible tensor operator vλJm into re-
duced matrix elements
〈uεακα |vλJm|unκ〉 =
(
Jα m m0
mα J J0
)
Dα(λJ) (5)
Here we have use the index α to label the ionization
channel α = (nκ) → (εακα). The angular momentum
of bound state (nκ) and continuum state (εακα) electron
are denote as J0,m0 and Jα,mα. The symbol Dα(λJ)
denote the reduced amplitudes for electric and magnetic
2J -pole transitions.
When summing over contributions of transition type as
well as all multipole terms vλJm, the total photoionization
cross section for state (nκ) can be expressed as[25]:
σnκ =
4pi4c
ω(2J0 + 1)
σ¯nκ (6)
where
σ¯nκ =
∑
λJJακα
D2α(λJ)
=
∑
JJακα
[D2α(EJ) +D
2
α(MJ)] (7)
The reduced amplitudes Dα(EJ) and Dα(MJ) for elec-
tric 2J -pole transitions and magnetic 2J -pole transitions
are defined in reference [25]. In the electric-dipole ap-
proximation, only Dα(E1) terms contribute; therefore to
represent the reduced dipole amplitudes, we can use a
shorthand notation
DJα ≡ Dα(E1) (8)
where Jα is the total angular momentum of continuum
state electron in channel α. Detailed algorithm for com-
puting these reduced amplitudes can be found in refer-
ences [25].
B. Angular Distribution and Spin Polarization
Under the electric-dipole approximation, the differ-
ential cross section and spin polarization vector P ≡
{Px, Py, Pz} of photoelectrons ejected by arbitrarily po-
larized light are given by [25]. We present here only the
special cases of circular, linear, and unpolarized light:
(i) circular polarized light
dσnκ
dΩ
=
σnκ
4pi
[1− 1
2
βnκP2(cos θ)] (9)
Px(θ, φ) =
±ξnκ sin θ
1− 1
2
βnκP2(cos θ)
(10)
Py(θ, φ) =
ηnκ sin θ cos θ
1− 1
2
βnκP2(cos θ)
(11)
Pz(θ, φ) =
±ζnκ cos θ
1− 1
2
βnκP2(cos θ)
(12)
3(ii) linear polarized light
dσnκ
dΩ
=
σnκ
4pi
F (θ, φ) (13)
Px(θ, φ) =
ηnκ sin 2φ sin θ
F (θ, φ)
(14)
Py(θ, φ) =
ηnκ sin θ cos θ(1 + cos 2φ)
F (θ, φ)
(15)
Pz(θ, φ) = 0 (16)
F (θ, φ) = 1− 1
2
βnκ[P2(cos θ)− 3
2
cos 2φ sin2 θ]
(17)
(iii) unpolarized light
dσnκ
dΩ
=
σnκ
4pi
[1− 1
2
βnκP2(cos θ)] (18)
Px(θ, φ) = Pz(θ, φ) = 0 (19)
Py(θ, φ) =
ηnκ sin θ cos θ
1− 1
2
βnκP2(cos θ)
(20)
where P2(cos θ) is the Legendre polynomial. The coordi-
nate systems adopted are as follows. The Z axis of the
fixed system at the target is chosen along the direction
of incoming photon, and the X axis in any convenient
direction. The rotated coordinate system xyz are chosen
such that z is the direction of photoelectron, therefore
the z and Z axes span the reaction plane. The coordi-
nate system xyz is obtained from XY Z through Euler
angles (φ, θ, 0) as shown in Fig. 1. For linearly polarized
light, the angle φ¯ = φ− ϕ/2 in formulas (13-17) denotes
the relative azimuthal angle of photoelectron direction
with respect to the linear polarization vector, where the
angle ϕ indicates the orientation of linear polarization in
the XY plane. The relative azimuthal angle φ¯ depends
not only on the direction of photoelectron, but also on
the orientation of linear polarization, therefore it is not
draw in Fig. 1. More introduction to angle ϕ and photon
spin polarization is given in the Appendix A.
From the above equations (9)-(20), it is obvious for
angular distribution and spin polarization of photoelec-
trons, all the angular dependence is contained in trigono-
metric functions and Legendre polynomial P2(cos θ) ana-
lytically. The angle-independent dynamical parts, which
only depend on the target element and photon energy,
are defined as the asymmetry parameter βnκ and po-
larization parameters ξnκ, δnκ, ζnκ. These parameters,
when combined with subshell cross section σnκ, give a
complete description of photoionization processes in the
electric-dipole approximation. However, when electric
and magnetic multipoles are included, these five param-
eters σnκ, βnκ,ξnκ, δnκ, ζnκ are inadequate and we need
more dynamical parameters to fully describe the whole
photoionization process. More general formulas on angu-
lar distributions and spin-polarizations of photoelectrons
including electric and magnetic multipole transitions are
also shown in Appendix B.
FIG. 1: Coordinate systems XY Z and xyz.
The spin-polarization formulas presented above allow
us to use dynamical parameters to describe a complete
spin-polarization distribution. The spin polarization of
the total photoelectron flux is given by PX = PY = 0
and PZ = δnκSZ , where δnκ is the polarization parameter
defined as
δnκ ≡ 1
3
(ζnκ − 2ξnκ) (21)
In the electric-dipole approximation, the target elec-
tron with initial angular momentum J0 = j can be ex-
cited to continuum states with angular momenta Jα =
j − 1, j, and j + 1. Therefore the photoionization pro-
cesses are determined by three reduced dipole amplitudes
Dj−1, Dj, and Dj+1 completely. Then the subshell cross
section can be expressed as
σnκ =
4pi4c
(2J0 + 1)ω
σ¯nκ (22)
where
σ¯nκ = |Dj−1|2 + |Dj |2 + |Dj+1|2 (23)
The dynamical parameters for a closed-shell are given by
4βnκ =
{
2j − 3
2(2j)
|Dj−1|2 − (2j − 1)(2j + 3)
2j(2j + 2)
|Dj |2
+
2j + 5
2(2j + 2)
|Dj+1|2
− 3
2j
[
2j − 1
2(2j + 2)
]1/2
(Dj−1D
∗
j + C.C.)
−3
2
[
(2j − 1)(2j + 3)
2j(2j + 2)
]1/2
(Dj−1D
∗
j+1 + C.C.)
+
3
2j + 2
[
2j + 3
2(2j)
]1/2
(DjD
∗
j+1 + C.C.)
}
/σ¯nκ
(24)
ξnκ = (−)l+j+1/2{
− 3(2j − 1)
4(2j)
|Dj−1|2 − 3(2j + 1)
2(2j)(2j + 2)
|Dj |2
+
3(2j + 3)
4(2j + 2)
|Dj+1|2
+
3
4(2j)
[
(2j − 1)(2j + 2)
2
]1/2
(Dj−1D
∗
j + C.C.)
− 3
4(2j + 2)
[
2j(2j + 3)
2
]1/2
(DjD
∗
j+1 + C.C.)
}
/σ¯nκ
(25)
ηnκ = i(−)l+j+1/2{
− 3
4
[
2j − 1
2(2j + 2)
]1/2
(Dj−1D
∗
j − C.C.)
+
3
4
[
(2j − 1)(2j + 3)
2j(2j + 2)
]1/2
(Dj−1D
∗
j+1 − C.C.)
−3
4
[
2j + 3
2(2j)
]1/2
(DjD
∗
j+1 − C.C.)
}
/σ¯nκ
(26)
ζnκ =
{
− 3
2(2j)
|Dj−1|2 + 3
(2j)(2j + 2)
|Dj |2
+
3
2(2j + 2)
|Dj+1|2
− 3
2(2j)
[
(2j − 1)(2j + 2)
2
]1/2
(Dj−1D
∗
j + C.C.)
− 3
2(2j + 2)
[
2j(2j + 3)
2
]1/2
(DjD
∗
j+1 + C.C.)
}
/σ¯nκ
(27)
where the symbol C.C. in the parentheses stands for com-
plex conjugate. The parameter δnκ for the total spin
polarization is given by
(i) l = j + 1/2
δnκ =
{
2j − 2
2(2j)
|Dj−1|2 + 1
2j
|Dj |2 − 1
2
|Dj+1|2
− 1
2j
[
(2j − 1)(2j + 2)
2
]1/2
(Dj−1D
∗
j + C.C.)
}
/σ¯nκ
(28)
(ii) l = j − 1/2
δnκ =
{
− 1
2
|Dj−1|2 − 1
2j + 2
|Dj |2 + 2j + 4
2(2j + 2)
|Dj+1|2
− 1
2j + 2
[
2j(2j + 3)
2
]1/2
(DjD
∗
j+1 + C.C.)
}
/σ¯nκ
(29)
In addition to subshell cross sections σnκ discussed in
the previous subsection, the angular distribution and spin
polarization can provide rigorous tests for electron corre-
lations. From equations (24)-(29), it is obvious that the
relative phase shifts are taken into account in dynamical
parameters βnκ, ξnκ, ηnκ, ζnκ, and δnκ and therefore can
be observed experimentally in angular-distribution and
spin-polarization tests.
C. Channels Included
To analyse channel couplings among different sub-
shells, we have employed a 18-channel calculation in this
work, not only consider the allowed open channels in the
giant d -resonance region, but also include several closed
inner-shell channels.
The basic 13 channels allowed in the giant d -resonance
region we consider are
ns1/2 → p1/2, p3/2
np1/2 → s1/2, d3/2
np3/2 → s1/2, d3/2, d5/2
(n− 1)d3/2 → p1/2, p3/2, f5/2
(n− 1)d5/2 → p3/2, f5/2, f7/2
where n = 5 for Xe and n = 6 for Rn. We also include
the following inner-channel contributions:
(n− 1)p1/2 → s1/2, d3/2
(n− 1)p3/2 → s1/2, d3/2, d5/2
These 5 channels, together with the above 13 channels,
form the 18 relativistic channels in the context.
III. RESULTS AND DISCUSSIONS
In this section, we list our results on photoionization
processes of Xe and Rn, carefully analyzing the total
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FIG. 2: Photoionization cross sections of Xe and Rn. The solid lines and dashed lines correspond respectively to our results
calculated in RRPT and theoretical results of NIST FFAST database calculated in the Dirac-Hatree-Fock method by Chantler
et al.. Various experimental results are also plotted in this figure.
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FIG. 3: Comparison of photoionization cross sections for subshells (n − 1)d3/2 and (n − 1)d5/2 of Xe and Rn in the giant
d -resonance region. The dotted lines correspond to (n − 1)d3/2 and (n − 1)d5/2 cross sections from RRPT, where n = 5 for
Xe and n = 6 for Rn. The squares represent the experimental results for 4d subshell of Xe measured by Becker et al. [21].
Comparison results from nonrelativistic random-phase theory (NRPT) from reference [17, 18] are plotted as dashed-dotted line.
Branch ratios for subshell cross sections are marked as dashed lines in the figure. The same vertical coordinates are used for
subshell cross sections σnκ and branch ratios, while cross sections are in units of Mb and branch ratios are dimensionless. The
vertical arrows label the photoionization thresholds of 4d for Xe and 5d for Rn.
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FIG. 4: Subshell asymmetry parameters βnκ for Xe and Rn in the giant d -resonance region from our RRPT. The vertical
arrows label the photoionization thresholds of 4d for Xe and 5d for Rn.
cross sections, subsection cross sections, subshell angu-
lar distributions and spin polarizations in the giant d -
resonance region.
The total photoionization cross sections of the Xe
and Rn atoms are shown in Fig. 2. Results calculated
through the RRPT formalism with 18-channel couplings
and those from from NIST FFAST database [48–50],
which are calculated in a Dirac-Hatree-Fock method by
Chantler et al., are displayed in the figure respectively as
solid and dashed lines, along with experimental results
synthesised by Henke et al. [51]. In the case of Xe, ex-
perimental results from Samson and Stolte [23], Suzuki
and Saito are also listed [24] in the figure. From this
figure, it is obvious that RRPT results fit better with ex-
periment than those of NIST FFAST datebase, indicat-
ing that random-phase correlations play a dominant role
in the giant d -resonance region. In the energy region be-
tween the (n−1)d3/2 and (n−1)d5/2 thresholds, 71-74 eV
for Xe and 52-59 eV for Rn, there exist many resonance
states which could be treated with the quantum-defect
theory [52, 53], therefore the cross sections in this region
are not given in the figure. A detailed study between
photoionization thresholds utilizing quantum-defect the-
ory will be undertaken in the near future.
To analyze the channel coupling effects in the giant d -
resonance region, we plot the subshell cross sections σnκ
for (n − 1)d3/2 and (n − 1)d5/2 in Fig. 3, where n = 5
for Xe and n = 6 for Rn, and vertical arrows have been
used to label the corresponding photoionization thresh-
olds. We compare our results from RRPT calculated with
18-channel couplings and experimental data from Becker
et al. [21]. There are some discrepancies between the-
ory and experiment, which have already seen in previous
researches using nonrelativistic and relativistic random-
phase theory in the giant d -resonance region [17, 18].
The nonrelativistic results from reference [17, 18] have
been compared in this figure. The relativistic results
from reference [18] are similar to ours, therefore they are
not plotted in the figure. These discrepancies between
theory and experiment may arise partially from the in-
adequacy in our calculation to include more inner-shell
channel couplings, such as
(n− 1)s1/2 → p1/2, p3/2
(n− 1)p1/2 → s1/2, d3/2
(n− 1)p3/2 → s1/2, d3/2, d5/2
(n− 2)d3/2 → p1/2, p3/2, f5/2
(n− 2)d5/2 → p3/2, f5/2, f7/2
as well as double-promotion correlations from double ex-
citation channels and correlations from core relaxation.
These channels may have resonance effects with our con-
sidered 18 channels in subsection II C. The branch ratios
for Xe and Rn are also depicted in the figure. An in-
teresting phenomenon from the picture is that, subshell
cross section σnκ for (n− 1)d5/2, in addition to the giant
d -resonance, exhibits a small interference peak at lower
energy, while σnκ for (n−1)d3/2 does not show this small
resonance, which makes a large variation in the branch
ratio in this region. This is mainly due to interchannel
7couplings mentioned earlier:
(n− 1)d3/2 → p1/2, p3/2, f5/2
(n− 1)d5/2 → p3/2, f5/2, f7/2
which was first studied by Amusia et al. [14] and later
discussed by Kumar et al. and Govil et al. for Xe and
Rn [15, 16]. These interchannel couplings makes cross
sections of (n − 1)d5/2 appear to have a kink lying 5 eV
above the photoionization threshold, while cross sections
of (n − 1)d3/2 are not influenced much by these inter-
channel couplings. Moreover, the interchannel couplings
influence the (n− 1)d5/2 cross section more for Rn than
that of Xe. Previous results from Kumar et al. and
Govil et al. only include several channels in the electric-
dipole approximation. Our results, which are calculated
in RRPT with 18-channel couplings, demonstrate that
these resonant kinks still visible when we include more
interchannel couplings
The subshell asymmetry parameters βnκ calculated in
RRPT with 18-channel couplings are given in Fig. 4.
The vertical arrows are used to label the photoionization
thresholds of (n − 1)d3/2 and (n − 1)d5/2 as in Fig. 3.
We find that, in contrast to cross sections, interchan-
nel couplings do not affect much angular distributions
of (n − 1)d3/2 and (n − 1)d5/2 near the photoionization
thresholds, both in cases of Xe and Rn. However, in-
terchannel couplings affect angular distributions of np1/2
greatly, giving rise to some structures near photoioniza-
tion thresholds of (n− 1)d3/2 and (n− 1)d5/2.
The subshell polarization parameters ξnκ, ηnκ, ζnκ and
subshell total polarization parameters δnκ calculated in
RRPT with 18-channel couplings have been displayed in
Figs. 5-8. In these cases, we find that for parameters
ξnκ, ζnκ and δnκ, the interchannel couplings affect spin
polarizations of (n − 1)d5/2, causing the appearance of
a kink structure near the photoionization thresholds of
(n − 1)d3/2 and (n − 1)d5/2, especially in the cases of
Xe. In addition, polarization parameters ηnκ and ζnκ for
np1/2 also exhibit similar structures near photoionization
thresholds, especially in the cases of Rn.
In the nonrelativistic limit, all the polarization param-
eters are zero for these orbitals nl. While in the relativis-
tic cases, due to spin-orbit couplings, the orbitals nl split
to orbitals (nl, l + 1/2) with parallel spin and orbitals
(nl, l − 1/2) with antiparallel spin, and all orbitals have
nonzero polarization parameters. Moreover, the polariza-
tion parameters are different for orbitals with parallel and
antiparallel spin, and these are exactly what we have seen
in Figs. 5-8. Another interesting phenomenon is that, in
most of the energy region of giant d -resonance, polar-
ization parameters ξnκ and ζnκ for orbitals with parallel
spin, namely np3/2 and (n − 1)d5/2, are less than those
with antiparallel spin, np1/2 and (n − 1)d3/2, while po-
larization parameters δnκ for orbitals with parallel spin
are larger than those with antiparallel spin.
Moreover, one can average over orbitals with paral-
lel and antiparallel spin to get the average polarization
parameters ξnl, ηnl, ζnl and average total polarization
TABLE I: Asymmetry parameters βnκ, transferred polariza-
tions P transfnκ , and dynamical polarizations P
dyn
nκ defined by
Snell et al. [31] for each subshell of Xe at energy 93.8 eV. Our
present results and experimental measurements from Snell et
al. are listed here, with numbers in parentheses denoting
the experimental uncertainties. For 5p1/2 and 5p3/2, the sub-
shell asymmetry parameters βnκ are not given individually
in Snell’s work, and the result in table β = 1.42+0.08
−0.12 is the
average asymmetry parameter of 5p closed shell.
Subshell Parameter Present work Experiment [31]
5s β 1.9995 1.97(3)
P transf −0.0053 0.03(5)
P dyn 0.0167 −0.01(1)
5p1/2 β 1.3857 1.42
+0.08
−0.12
P transf 0.2993 0.31(5)
P dyn −0.5609 −0.52(6)
5p3/2 β 1.3780 1.42
+0.08
−0.12
P transf −0.1679 −0.18(4)
P dyn 0.2765 0.31(5)
4d3/2 β 0.2512 0.21(4)
P transf 0.8448 0.83(9)
P dyn −0.1232 −0.20(5)
4d5/2 β 0.2425 0.23(4)
P transf −0.5522 −0.57(7)
P dyn 0.1118 0.15(5)
parameter δnl. For example, we have
δnl =
∑
j δnljσnlj∑
j σnlj
=
δnl,l+1/2σnl,l+1/2 + δnl,l−1/2σnl,l−1/2
σnl,l+1/2 + σnl,l−1/2
(30)
In Figs. 9 and 10, we give average polarization param-
eters ξnl, ηnl, ζnl and δnl for (n − 1)d and np shell of
Xe and Rn. In the nonrelativistic limit, the polarization
parameters ξnl, ηnl, ζnl and δnl for closed shells all van-
ish to zero in the electric-dipole approximation. While in
the relativistic case, we get nonzero value of average for
all kinds of polarization parameters, as shown in Figs. 9
and 10. For (n − 1)d shells, all polarization parameters
deviate largely from zero near the ionization threshold,
while for np shells, polarization parameters ξnl, ηnl, and
δnl deviate obviously from zero when photon energy is
larger. It is worth noting that, similar to the cases of
subshell orbitals, there are also some resonant kink and
peak structure for average polarization parameters near
the ionization threshold, due to interchannel couplings.
To justify our results on angular distributions and spin
polarizations in the giant d -resonance region, we com-
pare our results with the experimental work of Snell et
al. [31]. Snell et al. measure the spin polarization of
Xe using spin-resolved photoelectron spectroscopy for a
specific geometry θ = 90o and φ = 135o at photon en-
ergy 93.8 eV. They have measured asymmetry parame-
ters βnκ, transferred polarizations P
transf
nκ , and dynamical
polarizations P dynnκ for each subshells. Following the def-
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FIG. 5: Subshell polarization parameters ξnκ for Xe and Rn in the giant d -resonance region from our RRPT. The vertical
arrows label the photoionization thresholds of 4d for Xe and 5d for Rn.
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FIG. 6: Subshell polarization parameters ηnκ for Xe and Rn in the giant d -resonance region from our RRPT. The vertical
arrows label the photoionization thresholds of 4d for Xe and 5d for Rn.
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inition in [31], for circularly polarized light with Stokes
parameters being SX = SY = 0, SZ = ±1, the trans-
ferred polarization P transfnκ is defined as:
P transfnκ ≡
Px(θ = 90
o, φ = 135o)
SZ
=
ξnκ
1 + βnκ/4
(31)
While for linearly polarized light, taking a particular po-
larized direction such that Stokes parameters SX = 1,
SY = SZ = 0, the dynamical polarization P
dyn
nκ is de-
fined as:
P dynnκ ≡
Px(θ = 90
o, φ = 135o)
SX
= − ηnκ
1 + βnκ/4
(32)
The comparison between our theoretical results and ex-
perimental measurements with error bars from Snell et
al. are shown in Table I. For 5p1/2 and 5p3/2, the indi-
vidual subshell asymmetry parameters βnκ are not given
in Snell’s work, only the average asymmetry parameter
for 5p shell β5p is measured. From Table I, it is evident
that our results are highly consistent with the experimen-
tal data within error bars for this particular geometry at
energy 93.8 eV. The above comparisons manifest the va-
lidity of our calculation in the giant d -resonance region.
IV. CONCLUSION
We have carried out a systematic analysis of photoion-
ization processes for Xe and Rn in the fully relativis-
tic RRPT formalism in this paper. The total cross sec-
tions σ, subshell cross sections σnκ, asymmetry parame-
ters βnκ and polarization parameters ξnκ, ηnκ, ζnκ, δnκ
have been analyzed carefully, especially in the giant d -
resonance region. Our results of total cross sections σ
match better with the experimental results from X-ray
and synchrotron radiation source than those NIST date-
bases, but small discrepancies still exist and could be
treated in multichannel quantum defects theory. For sub-
shell cross sections σnκ, the interchannel couplings makes
(n− 1)d5/2 exhibits a resonance kink near the photoion-
ization thresholds, especially in the cases of Rn. For an-
gular distributions, asymmetry parameters of np1/2 were
affected by channel couplings and exhibit similar struc-
tures, especially for Rn. For spin polarizations, inter-
channels couplings influence 4d5/2 of Xe and 6s1/2 of
Rn greatly, making the appearance of some structures
in polarization parameters near photoionization thresh-
olds. For average polarization parameters ξnκ, ηnκ, ζnκ
and average total polarization parameters δnκ of (n−1)d
and np shells of Xe and Rn, we get non-zero value even
in the electric-dipole approximation. Comparisons be-
tween theory and experiment on angular distributions
and spin polarizations at energy 93.8 eV are provided to
demonstrate the validity of our calculation in the giant
d -resonance region.
Of all the aspects discussed above, the total cross
sections σ and subshell cross sections σnκ have been
widely studied, both theoretically and experimentally.
For asymmetry parameters βnκ, only a small group of
researches focus on this issue, most of them are studied
theoretically. For polarization parameters ξnκ, ηnκ, ζnκ,
and δnκ, our knowledge are extremely insufficient. How-
ever, because of the rapid development of spintronics, the
spin polarizations will play an increasingly significant role
in the near future. We wish that the next-generation ex-
periments will measure the angular distribution as well
as spin polarization of photoelectrons and therefore pro-
vide a more complete analysis for the photoionization
processes.
In this work, the photoelectron angular distributions
and spin polarizations are analyzed in the electric-dipole
approximation. However, as Cherepkov et al. have an-
nounced in the nonrelativistic cases, the nondipole effects
can have notable contributions on angular distributions
[29, 30, 32, 33]. Analyses which go beyond electric-dipole
approximation in fully relativistic cases still leaving to be
an extremely valuable exploration in the future.
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Appendix A: Photon Spin Polarization and Stokes
Parameters
There are several equivalent ways of specifying the spin
polarization of a given photon beam, and one method
is through the density matrix. Here we will adopt the
convention used in reference [54]. First, we define the
polarization vector εˆ of photon through the form
εˆ = eˆ+1e
−iϕ/2 cos θ/2 + eˆ−1e
iϕ/2 sin θ/2 (A1)
where eˆ+1 and eˆ−1 are the spherical unit vectors in a
particular coordinate system XY Z (see Fig. 1) and cor-
respond to the positive and negative helicity states, re-
spectively. The spin-density matrix for complete polar-
ized photon can be expressed as
ρpol =
1
2
(
1 + cos θ e−iϕ sin θ
e−iϕ sin θ 1− cos θ
)
(A2)
and the spin-density matrix for unpolarized photon is
ρunpol =
1
2
(
1 0
0 1
)
(A3)
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The spin-density matrix for generally polarized photon is
ρ = pρpol + (1 − p)ρunpol
=
1
2
(
1 + p cos θ pe−iϕ sin θ
pe−iϕ sin θ 1− p cos θ
)
(A4)
Here p is the probability of complete polarization, and
therefore refer to as the degree of polarization. The light
is complete polarized when p = 1 and is unpolarized when
p = 0. The parameter θ indicates the type of polariza-
tion. The case θ = pi/2 denotes linear polarization, and
the cases θ = 0 and θ = pi denote the right and left
circular polarization (or positive and negative helicity)
respectively. The parameter ϕ indicates the orientation
of polarization. Specifically, the precession of the electric
field for an elliptically polarized photon trace out an el-
lipse with its major principle axis, making an angle ϕ/2
with the X axis. These parameters (p, θ, ϕ) are defined
with the range: (0 ≤ p ≤ 1), 0 ≤ θ ≤ pi and 0 ≤ ϕ ≤ 2pi.
Another way to describe spin polarization is provided
by three Stokes parameters S1, S2, S3, then the spin-
density matrix can be expressed as
ρ =
1
2
I(1 + S · σ)
=
1
2
(
1 + S3 S1 − iS2
S1 + iS2 1− S3
)
(A5)
where S = (S1, S2, S3) is the Stokes vector and σ is the
conventional Pauli matrices.
In (A2-A5), the parameters (p, θ, ϕ) or (S1, S2, S3)
can be determined experimentally by three indepen-
dent measurements. Comparing the expressions of spin-
density matrix (A2) and (A5), the parameters (p, θ, ϕ)
and (S1, S2, S3) are related to each other through
S1 = p sin θ cosϕ (A6)
S2 = p sin θ sinϕ (A7)
S3 = p cos θ (A8)
Therefore, S1 = cosϕ, S2 = sinϕ, S3 = 0 correspond to
linearly polarized light, S1 = S2 = S3 = 0 correspond to
unpolarized light, and S1 = S2 = 0, S3 = ±1 correspond
to circularly polarized light. Moreover, in the case of
circularly polarized light, S3 = 1 and S3 = −1 represent
right-handed and left-handed, respectively.
Appendix B: General Formulas on Angular
Distributions and Spin Polarizations
In this Appendix, we give more general expressions
on angular distribution and spin polarization go beyond
the electric-dipole approximation discussed in subsection
II B. The angular distribution and spin polarization vec-
tors of photoelectrons including all multipole transitions
are given in references [25]:
dσ
dΩ
(θ, φ) =
σ
4pi
F (θ, φ) (B1)
where the angular distribution function is
F (θ, φ) = 1+
∑
l≥1
β0ld
l
00+(SX cos 2φ+SY sin 2φ)
∑
l≥2
β1ld
l
20
(B2)
and
Px(θ, φ) =
{
SZ
∑
l≥1
ξ3ld
l
01 + (SX sin 2φ− SY cos 2φ)
∑
l≥2
(ξ2ld
l
21 + η2ld
l
2,−1)
}
/F (θ, φ) (B3)
Py(θ, φ) =
{∑
l≥1
η0ld
l
01 + (SX cos 2φ+ SY sin 2φ)
∑
l≥2
(ξ2ld
l
21 − η2ldl2,−1)
}
/F (θ, φ) (B4)
Pz(θ, φ) =
{
SZ
∑
l≥0
ζ3ld
l
00 + (SX sin 2φ− SY cos 2φ)
∑
l≥2
ζ2ld
l
20)
}
/F (θ, φ) (B5)
Here dlmn(θ) are the standard d function of the rotation
matrices and dl00(θ) = Pl(cos θ) is the Legendre polyno-
mial, SX , SY , SZ are Stokes parameters. We can see
from the expressions (B1)-(B5) that, besides the total
cross section σ there are eight kinds of dynamical pa-
rameters: β0l, β1l, ξ2l, ξ3l, η0l, η2l, ζ2l, ζ3l. Among them,
β0l and β1l are asymmetry parameters related to angu-
lar distributions of photoelectrons, while ξ2l, ξ3l, η0l, η2l,
ζ2l, and ζ3l are polarization parameters related to the
spin polarizations of photoelectrons in xyz axis.
Moreover, the spin polarization of total photoelectron
flux in the coordinate system XY Z are given by
PX = PY = 0 (B6)
PZ = δ31SZ (B7)
where the total polarization parameter is defined as
δ31 ≡ 1
3
(ζ31 −
√
2ξ31) (B8)
Under the electric dipole approximation, only eight dy-
namical parameters survive, i.e., σ, β02, β12, ξ22, ξ31, η02,
η22, and ζ31. They reduce to the dynamical parameters
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σ, β, ξ, η, and ζ in (22)-(27) via
σ → σ (B9)
β02 → −1
2
β (B10)
β12 → −
√
2
3
β (B11)
ξ22 → η (B12)
ξ31 →
√
2ξ (B13)
η02 →
√
2
3
η (B14)
η22 → η (B15)
ζ31 → ζ (B16)
Similarly, the total polarization parameter δ31 and δ are
related as
δ31 → 1
3
(ζ − 2ξ) = δ (B17)
Moreover, under electric-dipole approximation, the angu-
lar distributions and spin polarizations (B1)-(B5) in cases
of circularly polarized light SX = SY = 0, SZ = ±1, lin-
early polarized light SX = cosϕ, SY = sinϕ, SZ = 0
and unpolarized light SX = SY = SZ = 0 reduce to the
formulas (9)-(20) in pervious subsection II B. The rela-
tive azimuthal angle φ¯ in (13)-(17) can be expressed as
φ¯ = φ− ϕ/2
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